The Multiband Imaging Photometer for Spitzer (MIPS) provides long-wavelength capability for the mission in imaging bands at 24, 70, and 160 m and measurements of spectral energy distributions between 52 and 100 m at a spectral resolution of about 7%. By using true detector arrays in each band, it provides both critical sampling of the Spitzer point-spread function and relatively large imaging fields of view, allowing for substantial advances in sensitivity, angular resolution, and efficiency of areal coverage compared with previous space far-infrared capabilities. The 24 m array has excellent photometric properties, and measurements with rms relative errors of about 1% can be obtained. The two longer-wavelength arrays use detectors with poor photometric stability, but a system of onboard stimulators used for relative calibration, combined with a unique data pipeline, produce good photometry with rms relative errors of less than 10%.
INTRODUCTION
The first extensive exploration of the far-infrared sky was with the Infrared Astronomy Satellite (IRAS ), with 15 detectors at 25 m, 16 at 60 m, and 15 at 100 m. The demands of an all-sky survey with a focal plane of discrete detectors resulted in individual projected pixels substantially larger than the 60 cm telescope diffraction limit, e.g., 1A5 ; 4A5 at 60 m. The ISOPHOT instrument on the Infrared Space Observatory (ISO) was the first follow-up mission to IRAS with sufficient sensitivity to reobserve all of the IRAS sources. Its focal plane included a single detector at 25 m, nine detectors at 50-110 m, and four from 120 to 200 m. Again, because of the small number of detectors, projected pixel scales were substantially larger than the telescope diffraction limit-for example, a center-to-center pixel pitch of 46 00 at 50-100 m. The achieved resolution was typically somewhat larger than the pixel pitch, e.g., 60 00 at 60 m. The Multiband Imaging Photometer for Spitzer (MIPS) provides long-wavelength capability with imaging bands at 24, 70, and 160 m (with bandwidths of 5, 19, and 35 m, respectively) and very low resolution spectral energy distribution (SED) spectroscopy from 52 to 100 m. The instrument concept is based on simple principles. One band is set at 70 m in the heart of the far-infrared but not at so long a wavelength as to be overwhelmed by confusion noise (which grows rapidly toward longer far-infrared wavelengths, because of the increasing beam size). A second band is placed at 24 m, the logarithmic midpoint between the 70 m band and the longest Infrared Array Camera (IRAC) band at 8 m. The third band is centered at 160 m, roughly the logarithmic midpoint between 70 m and the first submillimeter wavelengths accessible from the ground, 350 and 450 m. The SED mode is to provide a modest measure of spectral information between these bands.
Because the 0.85 m aperture makes Spitzer ''resolution challenged,'' all bands sample the point-spread function critically (0.4 k/D at 24 and 160 m, 0.3 k/D at 70 m). Thus, the instrument achieves telescope-limited resolution of 6 00 , 18 00 , and 40 00 at 24, 70, and 160 m, respectively. In the case of the 70 m band, critical sampling exacts a significant sensitivity penalty, so a scale change to double the projected pixel size is provided for general use. MIPS uses true detector arrays: 128 ; 128 pixels at 24 m, 32 ; 32 pixels at 70 m, and 2 ; 20 pixels at 160 m. Thus, for the first time a space far-infrared astronomy mission can achieve simultaneously high sensitivity, a large imaging field, and the maximum possible angular resolution, essential both for detailed studies of source structure and to penetrate confusion limits as deeply as possible.
INSTRUMENT DESIGN
The operation of MIPS can be understood by reference to Figure 1 (Plate 1). Light from the telescope is brought to a focus near two pickoff mirrors, one for the 70 m optical train and one for the trains for 24 and 160 m. The pickoff mirrors relay the light to field mirrors at the back of the instrument, which form pupils on facets of the scan mirror. The primary cold baffles for the 70 and 24/160 m optical trains are placed around these facets. From the scan mirror, the 70 m channel is directed to the detector array for the large-scale imaging mode. In this scan mirror position, the 24 and 160 m channels are
25
The Astrophysical Journal Supplement Series, 154:25-29, 2004 September relayed to a second image plane, where they are separated and directed to the appropriate arrays. The nominal fields are 5 0 ; 5 0 at 24 and 70 m and 0A75 ; 5 0 (with a dead pixel row) at 160 m. For the 70 m channel, another scan mirror position directs the light to a reflective slit, from which it goes to a grating and additional mirror that focuses the dispersed spectrum onto the array. Yet another position directs the light into a higher-magnification optical train, with a field of view of 2A5 ; 2A5. When the scan mirror is in either of these two positions, the 24 and 160 m channels are not used (except possibly for dark-current measurement). Heim et al. (1998) provide a more detailed description of the instrument.
At 24 m, Si:As impurity band conduction (IBC) detectors (Van Cleve et al. 1995) provide high quantum efficiency, low susceptibility to photometric effects from ionizing particles, and good photometric properties. The MIPS 128 ; 128 array of these detectors was built by Boeing North America under the leadership of the Spitzer Infrared Spectrograph (IRS) team and is identical to the two short-wavelength arrays in the IRS. It is mounted in the instrument in a fashion that provides 2 cm of aluminum shielding in all directions to reduce the number of hot pixels caused by displacement damage from energetic cosmic rays. The array is heated during operation to 5.15 K. Operation at this temperature substantially reduces latent images (to 1%-2% immediately after a source measurement) compared to the results produced when operating the array at a lower temperature. To reduce amplifier glow effects, the array multiplexed output is brought to a ''satellite chip,'' where the cable-driver field effect transistors (FETs) are located off the detector chip.
Germanium photoconductors are the only detectors available for the two longer-wavelength bands that can operate at the temperature available in the Spitzer cryostat. A 32 ; 32 Ge : Ga array operates between 50 and 100 m, while a 2 ; 20 stressed Ge : Ga device (Schnurr et al. 1998 ) operates at 160 m. These detectors have multiple time constants of response: a rapid one associated with traditional photoconductivity in the bulk of the detector and slower ones associated with the electric field adjustments near the contacts. The fast response is generally better behaved than the slow response. The instrument includes a scan mirror based on a design for ISO instruments, supplied to us by T. DeGraauw; it is described by Warden & Heim (1998) . It allows rapid modulation of the signals on the detector arrays, so in many circumstances signals can be extracted in the fast regime. In addition, the responsivity of these detectors varies unpredictably as they are hit by ionizing particles. MIPS therefore includes reverse bolometer stimulators that are flashed during observations to put a controlled calibration signal onto the detectors. To achieve usable quantum efficiencies, the detectors must be very large (e.g., a millimeter or more), resulting in a very high cosmic-ray hit rate. At the same time, they must operate at very small bias voltages. Hence, they are read out with capacitive transimpedance amplifiers that restore the bias after a hit and allow the integration to be continued. Finally, accumulated ionization damage by cosmicray hits can shift the response characteristics of the detectors and produce excess noise. These effects are removed by heating the detectors from their operating temperatures of 1.5 K sufficiently to rethermalize them (to 5 K for the unstressed devices and 3 K for the stressed ones).
Under optimal conditions, the 5 detection limits on point sources in 500 s of integration at 24, 70, and 160 m are 0.11, 6, and 15 mJy, respectively. The first is about 1.5 times better and the latter two about 3 times worse than prelaunch estimates. The germanium array sensitivities are degraded by a higher than expected rate of large cosmic-ray hits. Additional changes compared with the prelaunch predictions include:
1. a cable failure in the observatory has resulted in loss of half of the 70 m array, and additional cable failures cause loss of individual readouts (32 pixels at 70 m and 5 pixels at 160 m); and 2. a stray light path allows leakage from very blue and bright (e.g., Rayleigh-Jeans) sources to contaminate the signals at 160 m.
In addition to the photon and read noise, the performance of MIPS is limited by confusion (Dole et al. 2004a) . The instrument should reach the confusion limit at 24 and 70 m in integrations of about half an hour and at 160 m in integrations an order of magnitude shorter (matching the factor of 10 smaller sky coverage and hence 10 times shorter integrations in the mapping mode [below] with the 160 m array).
OPERATING MODES MIPS has four operating modes:
Scan map.-The observatory is commanded to scan the sky at a constant rate, and the scan mirror executes a reverse sawtooth motion to freeze the images on all three arrays for an integration and then jumps forward for the next integration. Stimulator flashes for the germanium arrays are interspersed with sky measurements approximately every 2 minutes. All three bands are measured sequentially as the focal planes are scanned over a given region of sky. In the usual form of scan map, a source is measured 10 times as it transits either the 24 or 70 m array but only once at 160 m. A high level of redundancy is recommended to remove any spurious effects such as cosmic-ray hits, and hence at least a repeat scan is needed for high-quality data at 160 m.
Photometry.-The spacecraft points at the object of interest, and a combination of scan mirror motions and spacecraft small offsets is used to dither the image on the arrays. A set of 12 measurements is taken as a minimum, bracketed by stimulator flashes for the germanium arrays. In addition, there is a ''cluster mode'' in which the dithering is largely by spacecraft motions.
SED.-The object image is placed on the slit of the 70 m spectrometer, and the scan mirror is used to modulate the spectrum on and off the array. As of the submission of this paper, this mode is not yet commissioned for routine use.
Total power.-The scan mirror is used to block the view of the sky for an array to determine the offset level then to put its view on the sky to measure the total flux. As of the submission of this paper, this mode is also not yet commissioned. These modes emphasize a high level of redundancy in the data to allow rejection of outlier signals and to provide more reliable measurements. They also make use of scan-mirror motions to provide rapid offsets on the sky without the inefficiencies associated with moving and stabilizing the spacecraft.
DATA REDUCTION
The MIPS instrument team has developed a Data Analysis Tool (DAT) to allow rapid prototyping of approaches to reduction of the instrument data (Gordon et al. 2004a ). The algorithms, code, and other aspects of experience with the DAT are communicated to the Spitzer Science Center (SSC), where they become inputs for improvements to the data pipeline, along with other experience gained by the SSC and potentially by other MIPS observers. Currently, the two sets of software have nearly identical performance, and this status should be maintained in the future with the possibility of a small lag time from the DAT to the SSC pipeline. The SSC will also maintain current information on the instrument calibration, which is based on measurements of stellar photospheres at 24 and 70 m and on a combination of stellar and asteroid measurements and cross-calibrations with other missions at 160 m.
The DAT carries out the data reduction as follows:
1. Slopes are determined from the integration ramps. In the case of the 24 m array, slopes are determined on board the observatory and sent to the ground; this approach is required to limit the data volume. In this case, cosmic-ray hits are determined by an anomalous slope value in an array image and are rejected by conventional outlier rejection data processing. For the germanium detectors, the cosmic-ray hit rate is far higher because of the necessity for much larger detectors. Therefore, the integration slopes are digitized eight times per second, and all the samples are sent to the ground (unless an option is exercised by the SSC to co-add 2, 4, or 8 samples to limit the data rate). Slopes are fitted to these data and cosmic-ray hits identified as discontinuities in the slope. An automated decision process determines whether the hit has affected the following integration segment (based on the size of the hit, when it occurred, and a statistical test of the consistency of the rate of charge collection before and after). In general, it is possible to include the integration slope both before and after the hit in the collected signal, with only a modest amount of time lost when the hit occurs and for a few samples afterward. For all detector types, linearity corrections are applied at this stage.
2. The silicon detector array is very stable, with undetectable response shifts with time and exposure to cosmic-ray hits. Therefore, the calibrated and linearized slopes are not passed through the reduction steps discussed in this paragraph. However, the germanium detector signals do not have the virtues of longtime stability or immunity to cosmic-ray hits. Therefore, they are next calibrated against the stimulator flashes. In addition, latent signals left by the stimulators are removed at this stage by use of a functional fit to their time response. If desired, the individual detector outputs can also be high-pass filtered in the time domain to suppress slow-response components. A typical high-pass filter consists of subtracting from the pixel read of interest the median of a number of reads before and after. High-pass filtering removes all slow-response terms and forces the quiescent signal level to zero. It can therefore be useful in removing transient response effects in the detectors and also in suppressing large-scale gradients in the sky emission. Filtering substantially improves the cosmetics of the data and may improve the signal-to-noise ratio in relatively long integrations. It also suppresses extended source signals, so it is not usable for programs observing such objects.
3. Finally, the data are combined. The pixels are projected onto the plane tangent to the sky, and the signals they have detected are sorted into pixels (nominally one-quarter or onesixteenth of the true pixel area) on an ideal array. Outlying signals are identified and rejected through a number of options, eventually to include being traced back to the original pixel and rejected there, with the new results projected back onto the imaginary ideal array. This automated mosaicking is very desirable because MIPS takes data in many short exposures with constant dithering of the field of view, and optimal automatic co-adding is a substantial advantage in combining these observations. The mosaicking software has been developed to provide seamless final products without intervention and to do so without adding spurious high spatial frequency signals. Thus, the mosaicked products are suitable for direct application of deconvolution software, should it be desired to improve the angular resolution beyond the Spitzer diffraction limit.
PERFORMANCE EXAMPLES
A few preliminary results summarize important aspects of the instrument performance. At 24 m the photometry repeats to 1% rms for bright sources after all 12 photometry pointings have been combined. The array is stable from observing campaign to observing campaign, with no significant departure from the intracampaign photometric calibration. Dark and flat-field frames are also stable. Thus, MIPS will open up possibilities for science programs requiring an unprecedented level of accuracy in the deep mid-infrared, such as searches for subtle variability and determining new constraints on stellar atmosphere theory.
MIPS is, of course, diffraction limited in all bands. The excellent array and optical performance at 24 m are illustrated simultaneously in Figure 2 , which shows the point-spread function at 24 m compared with a theoretical prediction from Tiny Tim (Krist 1993) adapted to MIPS. Combined with the critical pixel sampling and high level of dithering in the MIPS observing, the resulting images should be highly amenable to deconvolution and model fitting to boost the effective resolution.
It was possible to fit the signals at 24 m during telescope cooldown and against different sky background levels with a simple radiometric model of the instrument over a range of more than 1000 in diffuse signal and also in point-source brightness. Thus, the behavior of this band is very well understood and simply interpreted, indicating that it will be able to give very accurate measurements of extended-source structure as well as photometry of compact objects.
The most important result at 70 and 160 m is that the basic strategy for operating the detectors and reducing the data worked ''right out of the box.'' For example, at 70 m, calibrated stellar images were obtained, complete with diffraction rings, within 8 hr of receiving the first-light data.
At 70 m, where the multiple time constant detector behavior is largest, the photometry repeats to better than 10%, as summarized in Figure 3 . The behavior at 160 m should be similar. We also find that the high-pass time-domain filtering as described above can correct nearly all the artifacts of the slow-response component and of the stimulator flashes and can give very clean data in the scan map mode, suitable for coadding in long net integrations. If data are co-added without filtering, the artifacts still have little effect on the photometry of point sources by PSF fitting, because such analysis generally refers a source measurement to the immediately surrounding sky level and in effect does a high-pass filtering in this step. In observing extended sources, strong high-pass filtering cannot be applied and PSF fitting is not applicable, so these artifacts must be removed by fitting them in regions off the source. Therefore, the performance quoted for compact sources cannot be extrapolated directly to extended objects.
The detector bias has recently been decreased to reduce the artifacts on sources where filtering cannot be used.
At 160 m, the light leak (see x 2) is small enough that it is only an issue when looking at bright, Rayleigh-Jeans objects. The leak level is below the extragalactic confusion limit for a star fainter than about 5th magnitude at 1 m. Thus, for extragalactic studies it is of no concern, except in regard to foreground stars. It is also displaced by 2-3 pixels from the intended signal, and we find that subtracting a template from the observed PSF can recover photometry on Rayleigh-Jeans sources with effective signal-to-noise ratios of 2 : 1. That is, it is plausible to expect to detect a 160 m excess equal to the photospheric emission of a hot star (a net signal twice the photosphere alone) using this technique. Further improvement may be possible as we gain experience.
The slow-signal component at 160 m has a time constant of the order of 60 s (dependent on background level). As a result, the detectors come to a reasonably good equilibrium on the background emission, and the slow-response artifacts are significantly better behaved than at 70 m, making mapping of extended sources more straightforward.
The power of the instrument at 70 and 160 m on both pointlike and extended sources is illustrated by a number of papers in this volume, such as Dole et al. (2004b) , Gordon et al. (2004b) , Hines et al. (2004) , Su et al. (2004) , Stapelfeldt et al. (2004) , Hinz et al. (2004) , Engelbracht et al. (2004) , Marston et al. (2004) , Meyer et al. (2004) , and Regan et al. (2004) .
CONCLUSION
The MIPS combines advances in infrared detectors at 20-200 m with efficient operations using its scan mirror and a well-developed approach to data reduction and calibration. The instrument system provides a substantial advance in performance over previous missions in the far-infrared in sensitivity, angular resolution, and areal coverage.
